Abstract-In this paper, the potential of defects for optimizing the microwave properties of YBa2Cu30, (YBCO) thin films is demonstrated. On one hand, microscopic Y203 precipitates, which can be created in YBCO thin films by modification of the deposition process, serve as ideal scattering centres for quasiparticles and, thus, lead to a considerable reduction of the microwave surface resistance R,. The modification R,(T) can be explained in terms of the two-fluid model. Data for the quasiparticle scattering rate can be obtained from the measurements. On the other hand, the impact of artificial defects, so called antidots, upon the microwave properties is analyzed. R, measurements demonstrate that the ion beam etching creates a -20nm broad damaged area at the edge of the antidots. First measurements of the power handling capability of YBCO thin film resonators indicate that the magnetic contribution to the nonlinear behavior can be reduced by antidots. The implementation of antidots, which have been proven to be an ideal and easy tool to improve active YBCO thin film devices, might be of use for microwave applications as well.
I. INTRODUCTION he use of superconducting films in microwave devices in principle allows a dramatic reduction of the device dimension at comparable or higher performance with respect to devices fabricated of conventional materials. As a consequence, larger power densities are encountered in these devices. However, due to the complex surface impedance Z,=R,+iX, (surface resistance R, and surface reactance X,) nonlinearities in R, are observed, which present a serious limitation for the rf application of these materials. Therefore, it is important to minimise R, and to improve the power handling capability.
In this paper we demonstrate that R, and power handling capability of YBazCu307 (YBCO) films can be improved significantly by defects in the film. First, a reduction of R, is obtained by the presence of adequate defects, i.e. Yz03 precipitates, which are generated by ion bombardment during sputter deposition. The reduction of R, with increasing density of defects is explained in terms of the two-fluid model with thermally excited quasiparticles characterised by a Drude-shaped conductivity spectrum. Second, first experiments are given which motivate a potential T Manuscript received July 19, 2000. This work was supported in part by the DFG Grant No. WO549/3-1 and ESF scientific program VORTEX.
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improvement of the power handling capability due to artificial defects. In this case micrometer holes (antidots) are patterned into superconducting coplanar stripline resonators. The modification of R, due to the antidots is explained and the shift of the nonlinearity to larger rf power is measured.
MICROWAVE SURFACE RESISTANCE
YBCO films are prepared by on-axis dc magnetron sputtering on r-cut sapphire and LaA103 substrates which have been in-situ buffered with rf-sputtered (001) CeOz of various thicknesses. One of the advantages of the highpressure magnetron sputtering technique is given by the possibility to create microscopic structural defects in the YBCO film via intentional ion bombardment of the film during the growth [ 11. The density and size of the defects can be adjusted by modification of the ion energy which can be controlled by the bias voltage of the cathode. Fig. 1 presents the surface morphology and structural properties of two YBCO films which are prepared under the same conditions except for the ion energy. With increasing ion energy the density of outgrowths, pores and Y2O3 precipitates increases. Fig. 2 represents the comparison of the temperature dependence of R, for YBCO films on sapphire and LaA103 substrates with different defect densities. Different R, vs. T characteristics are obtained, which seem to depend on the density of defects and clearly not on the substrate material or lattice mismatch between the substrate material and YBCO. For both substrates (A1203 and LaA103) the YBCO films with low defect density reveal a shoulder or plateau at a temperature range of (0.5-0.6)TC, whereas this shoulder is absent for YBCO films with enhanced defect concentration. Furthermore, smaller values of R, are encountered at the technically relevant temperature range T<(0.7-0.8)TC for the For temperatures not too close to T, one obtains:
with the real part of the complex conductivity
defined by the frequency w, the quasi-particle density n,,=(T/T,)' with P;2 for HTS material [1, 3] , and the quasiparticle scattering time 2 , which according to Matthiesen rule consists of the contributions due to scattering at impurities, phonons and electrons (3) with p 1 -2 for electron-electron dominated scattering and ~5
for electron-phonon dominated scattering.
Inserting experimental parameters [ 11, z can be derived from the data using eqs.
(1-2). (i) All experimental curves can be fitted according to eq. (3) using similar parameters zj,=(0.075+0.025)ps and ~5 k 0 . 4 [ 11. This indicates, that one common mechanism seems to be responsible for the scattering in YBCO independent of sample and crystalline quality.
(ii) The fit of the experimental data in a double logarithmic plot yields a slope ~5 below T,. This behaviour can be interpreted in terms of two different schemas: (a) Either the electron-electron scattering, which is the dominating mechanism in the normal states, persists to dominate the superconducting state below T, and the strong temperature dependence z-'=TS is a consequence of the reduction of quasiparticle density, i.e. scattering centers, or (b) due to the reduction of the quasiparticle density, the electron-phonon scattering takes over below T, and dominates the temperature dependence. Unfortunately, our measurement can not distinguish between these possible explanations.
(iii) In contrast to the parameters z b and y, the impurity or defect induced scattering parameter qm,, differs strongly from sample to sample. For the single crystals, values of ~, , = 1 9 p s and 1.9ps are derived from literature data. The large difference has to be ascribed to differences in sample quality with respect to the density of scattering centres. It originates from different growth processes of the two single crystals [4] . The defect density (and thus the density of scattering centres) is expected to be even larger in epitaxial films compared to that in single crystals. This tendency is confirmed by our results. We derived values for our YBCO films on A1203 and LaA103 ranging from z,,,=l.Ops (low defect density) to qm,=O.34ps (high defect density). Obviously qm/, decreases with increasing density of defects. Using the simple relation for the mean free path at zero temperature 1~= 0 = v z ,,, with the Fermi velocity v-(1.6-1.7)~10"m/s for YBCO [5] yields values ranging from lT,0K=(0.3-3.0)pm (single crystal) to lT,0K=(56-18O)nm for our YBCO films. Although there is no direct relation between the defect density and the mean free path (1 depends on the kind and density of defects) these numbers provide a qualitative description of the morphology of the different samples. 
MICROWAVE POWER HANDLING
For most applications the microwave power handing capability of the high-T, (HTS) films is even more important than the reduction of R,. In ref.
[6] we demonstrated that our films with high defect densities can sustain microwave field amplitudes which belong to the highest reported so far for unpatterned single-sided YBCO films. Although the temperature dependence of the maximum rf field levels
follow the empirical expression B H F (~~~) K [ 1-(T/T,)2]
, which is often observed in HTS films [7] , it cannot unambiguously be related to the nonlinear mechanism, which could be of thermal and/or magnetic origin [ 81. Whereas local heating at dissipative defects presents the most probable field limitation in typical HTS films below about 60 K, flux penetration at the lower critical field B,, is expected to dominate the nonlinear behavior as the temperature approaches T,.
Therefore, in order to check which mechanism is responsible for the nonlinear behavior in HTS films, we introduced artificial defects in form of patterned micrometer holes (so called antidots) which have successfully been used to improve the critical properties of YBCO films [9] and the sensitivity of HTS active devices [lo] by means of flux pinning. In the first place we analyzed the impact of the antidots upon the rf properties at low power. Then coplanar stripline resonators were partially equipped with antidots and the resulting power handling was characterized as a function of an applied dc induction, Bdc. Fig. 5 presents the temperature dependence of R, of a YBCO film before and after the patterning of an antidot lattice measured at low rf power in a dielectric resonator. The antidot lattice causes a slight increase of the surface resistance. It will be discussed the framework of different models [ 111. The resulting theoretical predictions of these models are given in Fig. 6 .
A. R, of YBCO films with antidots

I ) Summation of R,\ contributions
In the simplest model the surface resistance can be assumed to be given by combination of the contribution of the YBCO matrix and the antidots. This would be valid if the rf field would penetrate through the antidots into the substrate. Since the losses in the sapphire substrate are negligible (tan6-10~6-10-8 for 77K and GHz), the losses at the Cu housing of the dielectric resonator have to be considered, thus:
with ~0 . 0 3 denoting the geometrical factor describing the fraction of the surface occupied by antidots. Inserting experimental values for the surface resistance of YBCO and Cu yield far to large values for R, over the whole temperature range (see dashed line in fig. 5 ).
2) Magnetic dipole In this model the antidots are considered as sources for magnetic dipole radiation which describes the modification of the rf field by antidots. This estimation is reasonable since the antidots with diameter d=l.5pm are small compared to the rf wavelength ~H F ( 19GHz)=15cm. The additional loss can be characterised by the quality factor which describes the scattering process of the dipole. Here W denotes the field energy stored in the resonator and P,,, the dipole-radiated power which is given by [12]: '/e\ = ' r a l l / ( m w )
(5)
where N denotes the number of antidots, c the speed of light, Zp377Q the wave impedance in vacuum and H the magnetic field amplitude at the dipoles. The stored field energy W= WmuRni-We, is estimated by [ 131 :
In first approximation the magnetic field amplitude at the dipoles is similar to that in the sapphire cylinder. Therefore the scattering quality factor can be calculated according to (7) V denotes the volume of the sapphire cylinder, in which the rf field in the dielectric resonator is concentrated. The dimensions of the sapphire cylinder are r=h=2.9mm (r: radius, h: height), therefore V=8.10'8m3. The base of the sapphire cylinder and thus the measured area of the YBCO film is about 26.4mm2. With the geometry of the antidot lattice one obtains Nz2.6.10". Thus, the scattering quality factor Qs is s -! 0.1
given by an extremely high value of QS=5.1O1'>>Qy~~~. The quality factor of YBCO thin films in the dielectric resonator is limited at low temperatures by Q~B,-o<l20000. Therefore, the scattering losses of the rf field in antidots can be neglected and can not explain the experimental results (see fig. 5 ).
3) Magnetic dipole plus damaged antidot edge
This model is in principle a combination of the two previous models. The antidots are considered to act as magnetic dipole, but additional contributions are obtained from a damaged, normal conducting YBCO region at the edge of the antidots. Thus, the resulting surface resistance consists of the three contributions: a and p denote the surface fraction of the antidots and the normal conducting YBCO regions, respectively. Inserting experimental values for the different contributions yields a good agreement between the experimental data and the theory for p=0.0013. This corresponds to a -20nm broad damaged area around each antidot. This result seems reasonable since for instance ion-beam etched submicrometer bridges revealed damaged regions of 20-30nm width [14] . Further considerations of effects of current redistribution (see fig.5 ) [ I13 only yield a slight improvement of the agreement and will not be discussed here.
B. Power handling capability of YBCOfilms with antidots
Finally, first tests of the power handling capability have been performed. For this purpose coplanar stripline resonators have been patterned into YBCO films on sapphire and LaA103. The resonance frequency was fo=l .4GHz. One of the resonators is provided with an antidot lattice (d=1.5pm, periodicity 10pm) in the central part of the stripline. The resulting dc magnetic field dependence of the resonators indicates a potential improvement obtained by antidots. Fig.6 presents the normalised values of the maximum circulating rf power at f, as function of the applied dc field. The resonator with antidots shows a much weaker field dependence, i.e. P,,,ex~B1'2 in contrast to P,,,.cB for the resonator without antidots. This difference in field dependence has to be ascribed to the mobility of vortices which is modified by the presence of antidots. ..
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IV. CONCLUSION
In this paper, we demonstrate the potential of defects for optimizing the microwave properties of HTS thin films. First, microscopic Yz03 precipitates, which can be created in YBCO thin films by modification of the deposition process, serve as ideal scattering centres for quasiparticles and thus, lead to a considerable reduction of the microwave surface resistance. Second, the modification of R,(T) can be explained in terms of the two-fluid model and yields values for scattering rates. Third, the impact of artificial defects, antidots, on the microwave properties are analyzed. R, measurements demonstrate that the ion beam etching creates a -20nm broad damaged area at the edge of the antidots. This proved to be an ideal test for etching processes. Finally, first results on the power handling capability of YBCO thin film resonators indicate that the magnetic contribution to the nonlinear behavior can be reduced by antidots. The implementation of antidots has been proven to be an ideal and easy tool to improve HTS thin film devices [IO] . It might be of use for microwave applications as well. This will be analysed in the future.
